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ABSTRACT 

A t t i t u d e  c o n t r o l  torque f o r  t h e  Skylab i s  provided by 
t h r e e  gimbaled Control  Moment Gyros  ( C M G s ) .  By d r i v i n g  t h e  gimbal 
a n g l e s ,  s u f f i c i e n t  to rque  should normally be developed t o  c o u n t e r a c t  
d i s t u r b a n c e  torques  and a l s o  execute  s p a c e c r a f t  maneuvers. 

A t  t i m e s ,  t h e  developed torque  may n o t  equa l  t h e  r e q u i r e d  
to rque  because: 

1. mechanical and e l e c t r i c a l  s t o p s  l i m i t  gimbal ang le  
r o t a t i o n ,  

2 .  gimbal r a t e s  a r e  l i m i t e d ,  

3 .  t h e  s t e e r i n g  l a w  commands inadequate  to rque  a t  l o w  
va lues  of CMG momentum magnitude. 

A s imula t ion  of 3 CMG c o n t r o l f o r  s o l a r  i n e r t i a l  o r b i t s ,  
dump maneuvers,and 2- loca l  v e r t i c a l  passes  d i d  n o t  d i s c l o s e  c o n t r o l  
problems. 

However, wi th  2 CMG c o n t r o l ,  up t o  20  lb-sec of TACS 
p r o p e l l a n t  a s s i s t a n c e  was requi red  f o r  some s o l a r  i n e r t i a l  o r b i t s  
and up t o  7 9 1  lb-sec w a s  r equ i r ed  f o r  some 60" Z-local v e r t i c a l  
p a s s e s .  On some dump maneuvers, a t t i t u d e  c o n t r o l  w a s  i n e f f e c t i v e ,  
r e s u l t i n g  i n  a t t i t u d e  e r r o r s  up t o  4 8 ' .  These problems r e q u i r e  
a t t e n t i o n .  
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MEMORANDUM FOR FILE 

I n t r o d u c t i o n  

Three double gimbaled c o n t r o l  moment gyros (CMGs)  
a r e  used t o  develop torque  f o r  a t t i t u d e  c o n t r o l  of t h e  Skylab. 
The gimbal r a t e  commands a r e  a f u n c t i o n  of t he  v e h i c l e  a t t i t u d e  
and r o t a t i o n a l  r a t e  e r r o r s .  

1 Severa l  l i m i t a t i o n s  a r e  imposed on t h e  movement of 
t h e  gimbals and hence on t h e  developed torque:  

1. Mechanical and e l e c t r i c a l  s t o p s  l i m i t  gimbal ang le  
r o t a t i o n s ,  f r o m  nominal, t o  approximately +175O f o r  t h e  o u t e r  
gimbals and + 8 0 °  for  t h e  inner  gimbals.  TFe gimbal ra te  
commands a r e r e d u c e d  a s  t h e  gimbal s t o p s  a r e  approached. 

2.  A t  o t h e r  t i m e s  t h e  gimbal r a t e s  are l i m i t e d  t o  va lues  
w i t h i n  t h e  c a p a c i t y  of t h e  gimbal to rque  motors. 

3. The s t e e r i n g  law h a s  been modified a t  low va lues  of 
CMG momentum magnitude i n  order t o  overcome i t s  i n a b i l i t y  t o  
command torque  f o r  t h e  2 CMG, ze ro  momentum magnitude case .  
However, even w i t h  t h i s  modi f ica t ion ,  a t  low momentum 
magnitude t h e  commanded torque  does n o t  n e c e s s a r i l y  equa l ,  
i n  magnitude o r  d i r e c t i o n ,  t h a t  r equ i r ed  by t h e  c o n t r o l  law. 

These r e s t r a i n t s  may a c t  t o  l i m i t  t h e  developed 
t o r q u e  below t h a t  r e q u i r e d  f o r  s a t i s f a c t o r y  a t t i t u d e  c o n t r o l .  
This  danger is  p a r t i c u l a r l y  p re sen t  du r ing  2 CMG o p e r a t i o n ,  
when each gyro movement mus t  be f a s t e r  t o  compensate f o r  t h e  
loss of t h e  t h i r d  gyro.  Also,  a gimbal s t o p  encounter  dur ing  
2 CMG o p e r a t i o n  r e s u l t s  i n  loss of three a x i s  a t t i t u d e  c o n t r o l .  

I 
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This  memorandum r e p o r t s  t h e  i n v e s t i g a t i o n ,  by means of 
a computer s imula t ion ,  of t h e  adequacy of CMG a t t i t u d e  c o n t r o l  
of t y p i c a l  s o l a r  i n e r t i a l  ( inc luding  momentum dump maneuvers) and 
z - l o c a l  v e r t i c a l  (ZLV) pass  o r b i t s .  

s o l a r  I n e r t i a l  ( i nc lud ing  momentum dump) O r b i t s  
* 

and + 70'  S o l a r  i n e r t i a l  o r b i t s  f o r  q X  = 0 ,  + 30°, - - 
were i n i t i a t e d  a t  90' a f t e r  dump midnight .  The gimbal a n g l e s  
w e r e  i n i t i a l i z e d  by a caging command, d r i v i n g  them from t h e i r  
nominal va lues  ( o u t e r  = 45O, inner  = 0') t o  t hose  corresponding 
t o  t h e  momentum s ta te  approximately opt imal  f o r  t h a t  o r b i t a l  
p o s i t i 0 n . t  

2 The assumed vent ing ,  leakage,  aerodynamic d r a g ,  and 
g r a v i t y  g r a d i e n t  to rques  produced b i a s  momentum r e q u i r i n g  t h e  
fol lowing momentum dump commands: 

11 Momentum Dump Command, f t - l b - s e c  
-X- 

0' 

+30° 
-30' 

+70° 

-70' 

Z - Y - X 

80  -1615 6 
315 -1550 900 

65 -1035 -600 
1 6 0 0  500 - 450 

4 0 0  270  1 0 0 0  

- 

N o  d i f f i c u l t y  was experienced i n  main ta in ing  3 CMG 
a t t i t u d e  c o n t r o l ,  The maximum gimbal ang le s  from nominal w e r e  
80' f o r  t h e  o u t e r  gimbals and 45' f o r  t h e  i nne r  gimbals.  

However, a s  shown i n  Table I, 2 CMG c o n t r o l  d i d  p r e s e n t  
some problems. For r e p o r t i n g  purposes ,  each o r b i t  i s  sepa ra t ed  
i n t o  a solar i n e r t i a l  (SI) phase and a dump phase.  The S I  phase 

*Angle of t h e  v e h i c l e  z body a x i s  below t h e  o r b i t a l  p lane .  

tDefined by R e f .  1, Eq. 12.7.3.Assuming no momentum b i a s i n g ,  
t h i s  equat ion  y i e l d s  a momentum of 3200 f t - l b - sec  d i r e c t e d  above 
and normal t o  t h e  o r b i t a l  pl'ane. 
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i s  t h e  ha l f  o r b i t  from 6 A.M. t o  6 P.M., wi th  r e s p e c t  t o  dump 
midnight ,  and t h e  dump phase i s  t h e  h a l f  o r b i t  f r o m  6 P.M. t o  
6 A.M. 

A dash "-I1 e n t r y  i n d i c a t e s  s a t i s f a c t o r y  performance 
whereas an "x" i n d i c a t e s  u n s a t i s f a c t o r y  o r  a t  l eas t  ques t ion -  
a b l e  performance. An  " X I '  i n  t h e  " H i t  s t o p "  column i n d i c a t e s  
t h a t  a gimbal r a t e  has been l imi t ed  dur ing  t h e  phase because 
of a gimbal s t o p  encounter.  

The maximum a t t i t u d e  error on any ax i s  du r ing  a phase 
i s  i n d i c a t e d  by I' ' I .  I f  t h e  major cause of t h e  e r r o r  i s  from 
encounter ing t h e  gimbal s t o p  it i s  so  i n d i c a t e d  by ' IGS" a f t e r  
t h e  e r r o r , i f  from gimbal r a t e  l i m i t i n g  it i s  i n d i c a t e d  by 'IRL", 
and i f  from low magnitude of momentum i t  i s  i n d i c a t e d  by " H " .  

f o r  a t t i t u d e  c o n t r o l .  The TACS p r o p e l l a n t  r equ i r ed  from t h e  
s imula t ion  i s  i n d i c a t e d  f o r  t he  SI  phase. TACS is  i n h i b i t e d  
du r ing  dumping because moderate a t t i t u d e  e r r o r s  can  be t o l e r a t e d  
du r ing  dumping without  c r i t i c a l l y  a f f e c t i n g  performance. 

'e 

- 
Excessive a t t i t u d e  e r r o r  r e q u i r e s  TACS p r o p e l l a n t  usage 

During t h e  Skylab mission, caging of t h e  gimbal a n g l e s  
t o  t h e  momentum corresponding t o  t h e  o r b i t a l  p o s i t i o n  may be 
reques ted  whenever t h e  a c t u a l  CMG momentum o r  gimbal ang le s  
appear  t o  be abnormal. This  imp l i e s  t h a t  s a t i s f a c t o r y  gimbal 
a c t i o n  should be expected fol lowing caging. Because t h e  momentum 
excurs ions  f o r  t h e  above phases are nea r ly  symmetrical about  noon 
and midnight ,  it i s  expected t h a t  t h e  gimbal ang le  excurs ions  f o r  
each phase a l s o  e x h i b i t  a symmetrical p a t t e r n ,  t r a c k i n g  t h e i r  caged 
va lues .  The angles  a t  t h e  end of t h e  phase should n e a r l y  equal  
t h o s e  a t  t h e  s t a r t .  However, on s e v e r a l  of t h e  o r b i t s  s t u d i e d ,  
t h e  gimbal angles  a t  t h e  end of t h e  phase d i d  no t  correspond t o  
t h e i r  caged va lues ,  and t h e  gimbal ang le  p a t t e r n s  w e r e  q u i t e  
asymmetr ical .?  These cases a re  marked by an I'x" under t h e  "Digress"  
column. 
w a s  r e r u n  ( i n d i c a t e d  by "Dump ( c ) " )  a f t e r  f i r s t  caging t o  t h e  
momentum s t a t e  opt imal  f o r  t h e  6 P.M. o r b i t a l  p o s i t i o n .  This  
procedure evauated t h e  dump phase f o r  both t h e  caged and non-caged 
i n i t i a l  gimbal angles .  

When t h i s  occurred during t h e  S I  phase,  t h e  dump phase 

The r o t a t i o n  law which in f luences  t h e  gimbal ang le s  i n  
o r d e r  t o  minimize t h e  p r o b a b i l i t y  of a gimbal s t o p  encounter ,  i s  
o f t e n  i n h i b i t e d  by l i m i t a t i o n s  placed on t h e  magnitude of t h e  "SI'* 

*Ref. I ,  Eq. 12 .5 .28  - 39. 
tThe occurrence of markedly d i f f e r e n t  gimbal ang le s  upon r e t u r n  t o  

t h e  same momentum cond i t ions  i s  a consequence of t h e  m u l t i p l e  e q u i l i -  
brium phenomena a s soc la t ed  with t h e  CMG r o t a t i o n  law (See Ref. 3 ) .  
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functions. In cases where the gimbal angles digressed from the 
caged values, the simulation was rerun with the limitation removed 
in order to determine if the limitation allowed the digression. 
An " s l '  in the table indicates that removing the limitation 
prevented the gimbal stop encounter or prevented digression from 
the caged values. An "$" indicates that removing the limitation 
did not improve the performance. 

The outcome of the simulations will be discussed case 
by case, adding tests and results not included in the table. 

TI = 0, #1 CMG out 
-X 

The performance was satisfactory. The gimbal angles 
exhibited symmetrical patterns over each phase with maximum 
angles from nominal of 96' for the outer gimbal and 56' for the 
inner. 

rl = 0, # 2  CMG out 
-X 

As indicated by the H, the 0.4' attitude error was the 
result mainly of inadequate commanded torque as the CMG momentum 
state passed briefly through a period of low magnitude. 

Gimbal rate limitation was a minor factor since reruning 
the SI phase with the rate limitation removed decreased the attitude 
error to 0.3'. 

TI = O o ,  # 3  CMG out 
-X 

During the SI phase #1 CMG inner gimbal encountered its 
stop at noon, requiring 20 lb-sec of TACS propellant for attitude 
control. (A rerun without the "S" function limitation eliminated 
both the gimbal stop encounter and the need for TACS propellant.) 

During the dump phase #1 CMG encountered its stop at 
the transition from the first to the second dump velocity, but 
quickly recovered. The brief 9' attitude error during dumping 
resulted in only a 2% change in the momentum dumped from that if 
there were no attitude error. (A rerun without the "S" function 
limitation eliminated the gimbal stop encounter and resulted in 
only a 0 . 2 O  attitude error.) 
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rl = 3 0 0 ,  ti CMG o u t  -X 

During t h e  S I  phase # 3  CMG o u t e r  gimbal b r i e f l y  
encountered i t s  s t o p  b e f o r e  noon and r equ i r ed  20 lb -sec  of 
TACS p r o p e l l a n t .  (A r e run  without t h e  'IS1' f u n c t i o n  l i m i t a t i o n  
e l imina ted  t h e  gimbal s t o p  encounter b u t  s t i l l  r e q u i r e d  1 6  
lb -sec  of TACS p r o p e l l a n t  f o r  a t t i t u d e  c o n t r o l  du r ing  a per iod  
of s m a l l  momentum magnitude.) 

During t h e  dump phase a 0 . 4 '  a t t i t u d e  error developed 
and t h e  gimbal ang le s  d igressed  from caged va lues .  
dump phase from caged va lues  did n o t  improve performance. 

S t a r t i n g  t h e  

rl = 30" #2 CMG o u t  -X 

During t h e  dump phase t h e  #1 CMG ou te r  gimbal b r i e f l y  
encountered i t s  s t o p  causing a 2' a t t i t u d e  e r r o r .  (A r e r u n  with-  
o u t  t h e  "SI '  f u n c t i o n  l i m i t a t i o n  e l imina ted  t h e  gimbal s t o p  
encounter .  ) 

rl = 30°, # 3  CMG o u t  -X 

During t h e  S I  phase the  #2 CMG i n n e r  gimbal b r i e f l y  
encountered i t s  s t o p .  However, t h e  1 6  lb -sec  of TACS p r o p e l l a n t  
r e s u l t e d  from i n s u f f i c i e n t  CMG torque  a t  l o w  momentum magnitude. 
(A r e r u n  without  t h e  'IS1' func t ion  l i m i t a t i o n  e l imina ted  t h e  
gimbal s t o p  encounter  and t h e  d i g r e s s i o n ,  b u t  t h e  1 6  lb-sec  of 
p r o p e l l a n t  w a s  s t i l l  r equ i r ed . )  

S t a r t i n g  t h e  dump phase wi th  caged gimbal ang le s  
r e s u l t e d  i n  a b r i e f  gimbal s top  encounters  of #1 and #2 CMG 
o u t e r  gimbals. 

rl = -30°, #1 CMG o u t  -X 

The S I  phase ended with non caged va lues  of gimbal 
a n g l e s .  A subsequent dump and S I  phase e x h i b i t e d  symmetrical 
gimbal ang le  excurs ions  b u t  t h e i r  i n i t i a l  and f i n a l  va lues  
were r a d i c a l l y  d i f f e r e n t  from t h e i r  corresponding caged v a l u e s .  
However, if t h e  dump phase s t a r t e d  wi th  caged v a l u e s ,  then it 
ended wi th  caged va lues .  (Removing t h e  " S "  func t ion  l i m i t a t i o n  
r e s u l t e d  i n  caged va lues  of gimbal ang le s  f o r  both t h e  SI and 
dump phases.  
t h e i r  s tops .  ) 

A l s o ,  t h e  gimbals d i d  not  approach as c l o s e  t o  
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rl = -30°, # 2  CMG o u t  -X 

A 0.6' a t t i t u d e  e r r o r  developed d u r i n g  S I  due t o  
l o w  momentum magnitude. 

rl = -30', #3 CMG o u t  -X- 

A 0.4' a t t i t u d e  e r r o r  developed du r ing  S I  due t o  
low momentum magnitude. 

n = +70°, #1 CMG o u t  
-X 

During t h e  S I  phase # 2  CMG o u t e r  gimbal encountered 
i t s  s t o p  b r i e f l y  a t  noon, n o t  long enough t o  cause  a s i g n i f i c a n t  
a t t i t u d e  e r r o r .  G i m b a l  r a t e  l i m i t i n g  caused a t t i t u d e  e r r o r s  of 
0 .2 '  a t  two brief i n t e r v a l s .  ( A  r e r u n  w i t h  t h e  I'S" f u n c t i o n  
l i m i t a t i o n  removed e l imina ted  t h e  gimbal s t o p  encounter  b u t  d i d  
n o t  p reven t  t h e  gimbal a n g l e  d i g r e s s i o n  from caged v a l u e s . )  

f i r s t  dump v e l o c i t y  and # 3  CMG o u t e r  gimbal encountered i t s  
s t o p  du r ing  t h e  t r a n s i t i o n  from t h e  f i r s t  t o  t h e  second dump 
v e l o c i t y .  The encounters  w e r e  b r i e f ,  r e s u l t i n g  i n  2.5O maximum 
a t t i t u d e  error.  Although t h e  gimbal ang le s  a t  6 P . M .  w e r e  non- 
caged v a l u e s ,  they r e v e r t e d  t o  caged v a l u e s  by t h e  end of t h e  
dump maneuvers. (Removing t h e  " S "  f u n c t i o n  l i m i t a t i o n  e l imina ted  
t h e  gimbal s t o p  encounter . )  

# 2  CMG o u t e r  gimbal encountered i t s  s t o p  d u r i n g  t h e  

S t a r t i n g  t h e  dump phase w i t h  caged gimbal a n g l e s  r e s u l t e d  
i n  d i g r e s s i o n  and i n  a # 2  CMG o u t e r  gimbal s t o p  encounter  du r ing  
t h e  e n t i r e  t h i r d  dump v e l o c i t y  maneuver. (A r e r u n  wi thou t  t h e  'IS1' 
and t h e  encounter . )  

f u n c t i o n  l i m i t a t i o n  e l i m i n a t e d  both t h e  gimbal s t o p  d i g r e s s i o n  

11 = +70°, # 2  CMG o u t  -X 

A 0.5' a t t i t u d e  e r r o r  developed d u r i n g  SI due t o  l o w  
momentum magnitude. 
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rl = +70°, # 3  CMG o u t  -X 

T h e  performance w a s  s a t i s f a c t o r y .  

The # 2  CMG ou te r  gimbal encountered i t s  s t o p  du r ing  
t h e  t r a n s i t i o n  from t h e  f irst  t o  t h e  second dump v e l o c i t y  and 
hung t h e r e  u n t i l  6 A.M. A t  t h a t  p o i n t  t h e  a t t i t u d e  error 
exceeded 4 8 '  about  t h e  Z a x i s  and 19' about  t h e  Y a x i s .  
(Removing t h e  I 'S"  func t ion  l i m i t a t i o n  r e s u l t e d  i n  almost 
i d e n t i c a l  perfcrmance.) 

= -70' #2 CMG o u t  
-X 

The performance w a s  s a t i s f a c t o r y .  
n = -70°, # 3  CMG o u t  -X 

The performance w a s  s a t i s f a c t o r y .  
n = -70°, # 3  CMG o u t  -X 

Both #1 and #2 CMG ou te r  gimbals encountered t h e i r  
s t o p s  dur ing  t h e  t r a n s i t i o n  from t h e  f i r s t  t o  t h e  second dump 
v e l o c i t y  and hung there u n t i l  6 A.M. 
a t t i t u d e  error exceeded 40° about t h e  z a x i s  and 11' about  
t h e  Y a x i s .  (Removing t h e  " S "  f u n c t i o n  l i m i t a t i o n  r e s u l t e d  
i n  a lmost  i d e n t i c a l  performance u n t i l  t h e  t r a n s i t i o n  from 
t h e  second t o  t h e  t h i r d  dump v e l o c i t y .  
o u t e r  gimbals broke away from t h e i r  s t o p s . )  

A t  t h a t  p o i n t  t h e  

A t  t h a t  p o i n t  both 

A s  a f u r t h e r  t e s t  of performance, t h e  dump phases a t  
= +70° and # 2  CMG o u t  were r e r u n ,  caging t h e  gimbal a n g l e s  a t  rlx - 

6 P.M. t o  2800 f t - l b - s e c  in s t ead  of 3200 .  The d i f f e r e n c e  i s  
w i t h i n  t h e  range of momentum b ia s ing  t h a t  may be r equ i r ed  t o  
c e n t e r  t h e  momentum v a r i a t i o n  w i t h i n  t h e  s a t u r a t i o n  l i m i t s .  
A t  n x  = -70°, t h e  performance w a s  s a t i s f a c t o r y .  
both t h e  #1 and # 3  CMG o u t e r  gimbals encountered t h e i r  s t o p s  
du r ing  t h e  t r a n s i t i o n  from the  second t o  t h e  t h i r d  dump v e l o c i t y  
and hung t h e r e  u n t i l  6 A.M. A t t i t u d e  error exceeded 20' on t h e  
Y a x i s .  (Removing t h e  "S" func t ion  l i m i t a t i o n  e l imina ted  t h e  
gimbal s t o p  encounter and r e s u l t e d  i n  s a t i s f a c t o r y  performance.)  
The outcome of t h i s  tes t  i n d i c a t e s  t h a t  Table  1 might appear q u i t e  
d i f f e r e n t  fo r  other  assumed i n i t i a l  momentum s ta tes .  

A t  n x  = +70°, 

2 - Local Ver t ica l  Passes 

Z-local v e r t i c a l  passes  cen te red  a t  noon were s imula ted  
f o r  II 

w a s  i n i t i a t e d  l l O o  before  noon and t h e  maneuver from t h e  Z-LV 
a t t i t u d e  terminated l l O o  a f t e r  noon. J u s t  p r i o r  t o  t h e  i n i t i a t i o n  
of t h e  f i r s t  maneuver Che gimbal ang le s  were caged t o  t h e  gimbal 
a n g l e s  corresponding t o  t h e  momentum s ta te  expected for  t h a t  
o r b i t a l  p o s i t i o n .  

= 0' and q x  = 250'. The v e h i c l e  maneuver t o  t h e  Z-LV a t t i t u d e  
X 



T h e r e  w e r e  no gimbal ang le  problems wi th  3 CMG c o n t r o l  
on e i ther  6 0 "  or  120" passes .  T h e  120" pass caused CMG momentum 
s a t u r a t i o n  and r equ i r ed  2 4  lb-sec of TACS p r o p e l l a n t .  
maximum gimbal ang le s  from center w e r e :  

The 

Z-LV Pass  

60"  

120" 

O u t e r  Inner  

60 " 50" 

125" 7 5" 

Table 2 shows t h e  r e s u l t s  fo r  2 CMG c o n t r o l  of 60" 
passes .  The symbols a r e  t h e  same a s  f o r  Table 1. 

rl = O", #1 CMG o u t  
-X 

The performance w a s  s a t i s f a c t o r y .  The gimbal ang le s  
e x h i b i t e d  a symmetrical p a t t e r n  and t h e  maximum ang les  from 
c e n t e r  w e r e  1 1 6 "  on an o u t e r  gimbal and 65' on an i n n e r .  

rl = o" ,  #2 C M G  o u t  -X 

The performance w a s  s a t i s f a c t o r y .  

rl = o" ,  #3 CMG o u t  -X 

T h e  #1 CMG o u t e r  gimbal encountered i t s  s top b r i e f l y  
d u r i n g  t h e  f i r s t  maneuver and t h e  # 2  CMG o u t e r  gimbal encountered 
i t s  s t o p  dur ing  most of t he  Z-LV pas s  and aga in  du r ing  t h e  
second maneuver. A t t i t u d e  c o n t r o l  r equ i r ed  583 lb-sec  of TACS 
p r o p e l l a n t .  (Reruning without  t h e  'IS'' func t ion  l i m i t a t i o n  
e l imina ted  t h e  gimbal s top encounter and t h e  d i g r e s s i o n . )  

rl = 50°, #1 CMG o u t  -X 

The # 3  CMG i n n e r  gimbal encountered i t s  s t o p  b r i e f l y  
du r ing  t h e  f i r s t  v e h i c l e  maneuver and aga in  du r ing  m o s t  of t h e  
Z-LV pas s .  (Rerunning without  t h e  ' IS" func t ion  l i m i t a t i o n  caused 
both t h e  # 2  CMG o u t e r  and the # 3  CMG inner  gimbals t o  encounter  
t h e i r  s t o p s .  ) 
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rl = 50°, # 2  CMG o u t  
-X 

Performance was s a t i s f a c t o r y  u n t i l  i n i t i a t i o n  of t h e  
second maneuver. 
f o r  a t t i t u d e  c o n t r o l  caused be inadequate  CMG to rque  due t o  
s m a l l  momentum magnitude. T h i s  TACS f i r i n g  a l t e r e d  t h e  CMG 
momentum thereafter s u c h  t h a t  CMG momentum s a t u r a t i o n  w a s  
reached dur ing  t h e  v e l o c i t y  change from t h e  second maneuver 
t o  t h e  S I  a t t i t u d e .  An a d d i t i o n a l  6 1  lb-sec of TACS w a s  t h e n  
r e q u i r e d  for  momentum management. (Removing t h e  " S "  f u n c t i o n  
l i m i t a t i o n  does n o t  improve the performance.) 

A t  t h a t  t i m e  7 6  lb-sec of TACS was r equ i r ed  

rl = 5 0 ° ,  # 3  CMG o u t  
-X 

The # 2  CMG o u t e r  gimbal  encountered i t s  s t o p  dur ing  
t h e  Z-LV pass  and t h e  #1 CMG outer  gimbal encountered i t s  
s t o p  du r ing  t h e  maneuver back t o  S I .  

q = -50°, #1 CMG o u t  
-X 

A t o t a l  of 1 9 9  lb-sec of TACS w a s  r equ i r ed  f o r  a t t i t u d e  
c o n t r o l  a t  t h e  t r a n s i t i o n s  between t h e  f i rs t  maneuver and t h e  2-LV 
pass ,  between t h e  pass  and t h e  second maneuver, and a t  t h e  
t e rmina t ion  of t h e  second maneuver. 

rl = -50°, # 2  CMG o u t  
-X 

The performance w a s  s a t i s f a c t o r y .  

rl = -50°, # 3  CMG o u t  -X 

The #1 CMG o u t e r  gimbal b r i e f l y  encountered i t s  s t o p  
d u r i n g  t h e  second maneuver. A t o t a l  of 7 9 1  lb-sec of TACS w a s  
r e q u i r e d  mostly f o r  a t t i t u d e  error c o n t r o l  dur ing  t h e  angular  
v e l o c i t y  changes a t  t he  s t a r t  and end of t h e  60' pass .  

The t i m e  a l lo ted  f o r  t h e  d e s i r e d  v e h i c l e  r o t a t i o n a l  
v e l o c i t y  changes i n  execut ing  t h e  Z-LV maneuvers i s  determined 
by t h e  maximum allowable r o t a t i o n a l  a c c e l e r a t i o n  e (ass igned  a 
v a l u e  of 0.002°/sec2 i n  R e f .  1.) The CMGs must provide t h e  
t o r q u e  r equ i r ed  t o  execute  t h e  maneuvers i n  t h e  t i m e  a l l o t t e d  
t o  p reven t  v e h i c l e  a t t i t u d e  and r a t e  e r r o r s .  It i s  e v i d e n t  
t h a t  2 CMGs cannot always supply t k e  r equ i r ed  torque .  When t h e  

s imula t ion  w a s  r e r u n  w i t h  O L  = .OOlO/sec , t h e  TACS requirement  
fo r  t h e  nX = 50°, # 2  CMG o u t  case dropped from 137 t o  4 8  lb -sec  
and for  t h e  qx = -50°, #1 CMG o u t  case dropped from 1 9 9  t o  1 6  

lb-sec. The CMGs w e r e  more near ly  a b l e  t o  provide t h e  reduced 
r e q u i r e d  torque r e s u l t i n g  from t h e  increased  a c c e l e r a t i o n  t i m e .  

L 

2 
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Conclusions 

The s imula t ion  of 3 CMG c o n t r o l  of solar i n e r t i a l  
o r b i t s ,  dump maneuvers, and Z-local v e r t i c a l  passes  d i d  n o t  
d isclose c o n t r o l  problems. 

With 2 CMG c o n t r o l ,  up t o  2 0  lb -sec  of TACS p r o p e l l a n t  
was r e q u i r e d  f o r  a t t i t u d e  c o n t r o l  f o r  some solar  i n e r t i a l  o r b i t s  
and up t o  7 9 1  lb-sec  w a s  requi red  f o r  some 60' Z-local v e r t i c a l  
pas ses .  On some dump maneuvers a t t i t u d e  c o n t r o l  was i n e f f e c t i v e ,  
r e s u l t i n g  i n  a t t i t u d e  errors up t o  4 8 O .  

Performance was s e n s i t i v e  t o  t h e  i n i t i a l  momentum s t a t e ,  
ranging from good t o  poor a s  t h e  momentum was v a r i e d  w i t h i n  
l i m i t s  r easonable  fo r  t h e  i n i t i a l  o r b i t a l  p o s i t i o n .  

One source  of d i f f i c u l t y  wi th  2 CMGs is t h a t  t h e  gimbals 
o c c a s i o n a l l y  encounter t h e i r  s tops ,  t hus  prevent ing  3 ax i s  a t t i t u d e  
c o n t r o l .  I n  some of t h e s e  cases ,  removing t h e  " S "  f u n c t i o n  
l i m i t a t i o n  prevented t h e  encounter.  Thus it appears  t h a t  t h e  "S" 
f u n c t i o n  l i m i t a t i o n  i n h i b i t s  t h e  role  of t h e  r o t a t i o n  l a w  i n  
e f f e c t i v e l y  opt imiz ing  t h e  gimbal ang le s .  

A t  l o w  v a l u e s  of CMG momentum magnitude, t h e  s t e e r i n g  
l a w  produces l imi t ed  torque  commands. I f  l a r g e  c o n t r o l  t o rques  
are r e q u i r e 6  a t  these t i m e s ,  a t t i t u d e  errors develop, s o m e t i m e s  
l a r g e  enough t o  r e q u i r e  TACS a s s i s t a n c e  f o r  c o r r e c t i o n .  I f  t h e  
to rque  i s  r equ i r ed  f o r  maneuvering, t h e  problem can be a l e v i a t e d  
by i n c r e a s i n g  t h e  t i m e  p re sen t ly  a l l o t e d  f o r  v e h i c l e  v e l o c i t y .  
changes, t h u s  r e q u i r i n g  smaller  a c c e l e r a t i o n s  and smaller c o n t r o l  
t o r q u e s .  

A t t i t u d e  c o n t r o l  w i t h  2 CMGs has problems t h a t  need 
r e s o l v i n g .  

1 0 2 2 - a - m e f  #. Levidow 
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